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T'he presence of small amounts of carbon dioxide during exposure to high pres-
sure of oxygen accelerates the appearance of convulsions and death in oxygen
poisoning of vertebrates (Hill, 1933; Shaw et al., 1934). Several explanations
have been offered to account for this phenomenon. For example, it was early
proposed that during exposure to oxygen, carbon dioxide accummnulates in the tissues,
and that carbon dioxide is the effective agent in poisoning (Gesell, 1923). Other
workers claimed that carbon dioxide contributes only secondarily to the lethal effect
of oxygen itself (Shaw et al., 1934), and the effect of carbon dioxide on oxygen
poisoning of vertebrates is no doubt a complex one (Lambertsen et al.,, 1953).
Williams and Beecher (1944), in a study of oxygen poisoning in Drosophila, found
that this sensitizing effect of carbon dioxide on oxygen poisoning was not restricted
to vertebrates.  They reported that the presence of small amounts of carbon dioxide
increased the sensitivity of adult Drosophila asteca to 10 atmospheres (atms.) of
oxygen. In view oif these findings, we did not anticipate a curious result that we
encountered while investigating oxygen poisoning in the paurasitic wasp, Mor-
nioniella vitripennis: carbon dioxide appeared to protect these wasps from oxygen
poisoning (Goldsmith, 1955). This discovery, which found no parallel in the
literature on oxygen poisoning, prompted a detailed study of the effects of carbon
dioxide on oxygen poisoning of adult and developing insects.

MATERTIALS AND METHODS
L. Experimental animals

The chalcid wasp, Marmonielle vitripennis Walker, was used for these ex-
periments. Procedures for rearing and handling this insect have already been
described, along with detailed accounts of its life history and postembryonic de-
velopment (Tiegs, 1922; Schneiderman and Horwitz. 1958; Goldsmith and
Schneiderman, 1900).  The present experiments utilized animials at three stages
of development: (1) “pink stage” developing adults (24 hours after ecdysis from
the final larval cuticle) ; (2) “black stage” developing adults (12 to 24 hours prior
to adult emergence); and (3) adults (various ages, both males and females).
Details of the method used to select insects of a uniform age and stage of develop-
ment are given in a previous paper (Goldsmith and Schneiderman, 1960).

In most experiments with adult insects, 10 males or 10 females were placed in
a one-dram shell vial, loosely plugged with cotton; a single vial was compressed

1 This investigation was supported by a research grant from the National Heart Institute
of the Public Health Service.
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in each pressure chamber. The compression chambers were constructed of trans-
parent polymethylmethacrylate (lucite), and the activity of adult wasps could be
observed during exposure. Observations were begun when full pressure was
reached and continued at ten-minute intervals until decompression.

Characteristically, normal wasps quickly right themselves if they fall or are
knocked over. During the exposure to various gas mixtures, the times at which
the first and last adults in a group became unable to right themselves, as well as
the times at which the first and last adult ceased moving, were noted. In experi-
ments in which the recovery of adults was to be studied, the chambers containing
the experimental insects were decompressed 10 minutes after all the adults ceased
moving. The activity of the wasps was observed immediately and then at inter-
vals of 12 to 24 hours for several days. The reappearance of the righting behavior
and the ability to walk were convenient measures of the extent of recovery. In
observations during the recovery period, the wasps were knocked on their backs
and the number which righted themselves as quickly as the control wasps was
recorded. Most of the adults that could right themselves attempted to walk, but
not all regained the agility of normal adults. Wasps that had recovered enough
to run normally could, when tapped to the bottom of the glass vial, walk or run
up the vertical side (30 mm.) within one minute. This last test was used as a
convenient measure of full recovery. The activity and co-ordination of wasps
which walked normally was not otherwise distinguishable from the control wasps
which had not been exposed.

The responses of the sexes were similar, and results for males and females
were averaged together. The data from each treatment were compared with those
from other treatments in the same experiment. Fach experiment was repeated
at least once and usunally several times.

2. Compression and decompression

Most experiments were carried out at 10 atms. of oxygen at 20° C., the same
conditions used by Williams and Beecher (1944). The compression chambers
enclosing the experimental wasps were equilibrated at the desired temperature for
one-half to one hour prior to compression. In experiments with carbon dioxide,
the desired pressure of carbon dioxide was superimposed on the atmosphere of
air present in the compression chamber following equilibration at the experimental
temperature. The amount of carbon dioxide added was monitored on a sensitive
Bourdon-type gauge which had a capacity of one atmosphere (gauge pressure).
After the addition of carbon dioxide, the compression chamber was sealed and
the l-atm. gauge was replaced by a gauge with a capacity of 20 atms. Following
this, ten atms. of oxygen were added to the chamber within one minute. The
procedure of adding the desired gases to the atmosphere of air already present
in the tank insured that the insects were never subjected to oxygen tensions which
were below normal. Throughout this paper all pressures are reported as gauge
pressures.

Decompression was performed step-wise over a period of five minutes. Further
details of these compression and decompression procedures have been given in
an earlier paper (Goldsmith and Schneiderman, 1960).
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REesuLTs
1. Effects of carbon dioxide at normal oxygen tension

Before appraising the influence of carbon dioxide on oxygen poisoning, it was
necessary to assess the effects of carbon dioxide in the presence of a normal oxygen
tension (0.2 atm.). The desired pressure of carbon dioxide was added to the at-
mosphere of air initially present in the compression chamber.  Studies with nitrogen
and helium have shown that small increases i ambient pressure, as would result
from the added carbon dioxide, do not affect the insect’s behavior. (Goldsmith,
1955).

As is well known carbon dioxide is commonly used as an anesthetic for insects.
Ordinarily the movement and co-ordination of adult wasps were not conspicu-
ously affected by one hour of exposure to 0.1 or 0.2 atm. oi carbon dioxide.
Occasionally, the wasps appeared less active in 0.2 atm. of carbon dioxide than
in air, but they always maintained a standing posture, and they resumed normal
activity as soon as they were returned to air. In 0.5 atm. of carbon dioxide, the
wasps ceased moving after approximately 10 minutes.

The effectiveness of carbon dioxide was only slightly increased when 10 atms.
of nitrogen were superimposed upon the carbon dioxide. Adults compressed
with 10 atms. of nitrogen plus 0.2 atm. of carbon dioxide were only slightly less
active than normal. However, when 10 atms. of nitrogen were superimposed upon
0.5 atm. of carbon dioxide, the insects ceased to move almost immediately. Since
one atmosphere of air was present in all experiments, these results cannot be
attributed to lack of oxygen. After four hours, the insects in 0.5 atm. of carbon
dioxide and 10 atms. of nitrogen were decompressed. These wasps rapidly re-
gained normal activity as did wasps decompressed after four hours in 0.5 atm. of
carbon dioxide. From these results, it appears that in Mormoniella carbon dioxide
at 0.1 atm. has no detectable etfect, at 0.2 atm., a very slight effect, and at 0.5 atm.,
it is an effective anesthetic which has no detectable after-effects.

TaBLE 1

Duration of exposure to cause loss of spontaneous movements in adult Mormoniella
exposed to various gas mixtures

‘ Time at which first insect lost spontaneous movement to time at which
Nao Gl | entire population succumbed (minutes)
Exp't Number of 88 Sl
No. | wasps o | pEss |
10 atms. O2 1%?35}110(“;8?(1 l%ztgltino(q:g)?d

26 200 0-1 70-80 55-65 not determined
33 95 | 0-1 40-50 35-45 0*

31 155 1-2 40-50 40-30 not determined
25 60 1= 50-60 50-60 0

23 50 1-2 40-50 35-45 not determined
24 60 0-2 40-50 10-50 not determined
32 75 1-5 40-30 30-40 0

* Activity disappeared immediately.
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2. Effect of carbon dioxide on the onset of oxygen poisoning

To appraise the effects of carbon dioxide on the onset of oxygen joisoning
in adult wasps, insccts in 10 atms. oxygen and 10 atms. oxygen plus 0.2 or 0.5 atm.
carbon dioxide were observed at 10-minute intervals. Table I shows that complete
loss of movement in all individuals consistently occurred within 10 minutes after
the first wasp succumbed. In a few experiments (numbers 26 and 32), adults
in oxygen plus 0.2 atm. of carbon dioxide appeared to lose spontaneous movemeit
somewhat sooner than wasps in oxygen. This effect, however, was neitlier as
marked nor as consistent (cf., numbers 24, 25, 31) as that described by Williams
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FiGure 1. The loss of normal activity (as shown by loss of the righting reflex) during
exposure to oxygen. Observations were made at 10-minute iutervals on 80 adult wasps com-
pressed in 0.2 atm. of carbon dioxide plus 10 atms. of oxygen. In this experiment, the activity
of almost all the wasps was depressed initially, but there was a considerable return of activity
before the paralytic symptoms of oxygen poisoning commenced (30 minutes).

and Beecher (1944) for 10- to 1l1-day-old Drovoplnla They found that adults
lost spontaneous actlwty almost twice as fast in oxygen mixed with 0.16 atm.
carbon dioxide as in oxygen alone,

Invariably 0.5 atm. carbon dioxide plus 10 atns. oxygen immediately paralyzed
adults, and they remained motionless for the duration of exposure. This was to
be expected, since in control experiments 0.5 atm. carbon dioxide and 10 atms.
nitrogen also had an immediate anesthetic effect.

In some experlments wasps in 0.2 atm. of carbon dioxide plus 10 atms. of
oxygen ceased moving almost immediately; however, wasps that were affected in
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this way often recovered while still under compression.” This can L scen in the
experiment in Figure 1. TInnuediately after compression, all but 1% of the
wasps had lost their righting behavior. After 10 minutes about 309 had regained
the ability to right themselves, and after 20 minutes more than 509 could right
themselves. Thereafter anesthesia set in again, and after 60 minutes of compression
none were able to right themselves.

This initial loss of activity and subsequent recovery was not invariable. [n
eight different experiments involving a total of 500 adults, 37% of the insects
exhibited this initial paralysis. In three of these experinients none of the adults
was initially affected, while in one experiment 99% became motionless imme-
diately. 1t seems likely that this variability in the effect of 0.2 atm. carbon dioxide
administered with 10 atms. oxygen can be attributed to variation in the sensitivity
of different groups of wasps and to the fact that 0.2 atm. was approximately the
threshold pressure of carbon dioxide for producing an immediate loss of co-ordina-
tion in 10 atms. oxygen. In the presence of 10 atms. oxygen, the initial depression
of activity was never observed at pressures of carbon dioxide less than 0.2 atm.,,
but at higher pressure (0.25, 0.5 atm.) of carbon dioxide, activity ceased almost
immediately. Apparently in some cases, an insect’s activity can be immediately,
albeit temporarily, depressed by a mixture of carbon dioxide and oxygen at a
carbon dioxide concentration which by itseli is not anesthetic (0.2 atm.).

3. Effect of the presence of carbon dioxide duving oxygen poisoning on recovery

Although the previous experiments revealed that under some conditions simul-
taneous exposure to carbon dioxide and oxygen resulted in almost immediate,
but temporary, loss of co-ordination, the presence of carbon dioxide also prevented
permanent injury by oxygen. Thus, wasps exposed to oxygen plus carbon dioxide
showed striking recovery from the effects of oxygen poisoning.

Groups of wasps were kept compressed until 10 minutes after all visible move-
ments had ceased. They were then decompressed, and their behavior observed
for several days. Maximum recovery occurred within 48 hours. In a typical
experiment (Fig. 2, Curve 1) at the time of maximum recovery, only 339, of
the wasps that had been exposed to oxygen behaved normally. By contrast,
most of those that had been exposed to oxygen and carbon dioxide recovered;
in fact, all of those exposed to oxygen plus 0.2 or 0.5 atm. of carbon dioxide (Fig. 2,
Curve 1) regained normal activity. Clearly, carbon dioxide has a marked pro-
tective effect.

The protective action of carbon dioxide was even more conspicuous when wasps
were kept compressed for periods one and one-half times and twice that required
to render them motionless (i.e., up to 2'% hours). The results are recorded in
Figure 2 (Curves 1.5 and 2). When the wasps were returned to air, none exposed
to oxygen for 2% hours survived; however, 27% of the wasps exposed for 214
hours to oxygen and 0.2 atm. carbon dioxide, and 53% of the wasps exposed for
the same period to oxygen plus 0.5 atm. carbon dioxide recovered their righting
ability. The presence of small amounts of nitrogen, instead of the carbon dioxide,

2 In these cases, the time given in Table I does not refer to this initial temporary paralysis,
but to the time at which spontaneous movement ceased permanently under compression.
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during the period of oxygen poisoning had no noticeable effect on the subsequent
recovery of oxygen-poisoned insects.

4. Effect of carbon dioxide during oxygen poisoning on the development of “pink”
and “black stage” wasps

Having demonstrated that carbon dixoide protects adult wasps from oxygen
poisoning, our attention turned to developing wasps. Wasps in the “pink stage”
of adult development were subjected to oxygen or oxygen and carbon dioxide for
several hours, then decompressed, and their subsequent development recorded. An
animal which attains the “black stage” has completed all the externally visible signs
of development. During the period of four days which intervenes between the
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Ficure 2. The effect of carbon dioxide on the recovery from oxygen poisoning (10 atms.
at 20° C.). The ordinate gives the percentage of wasps exposed which had recovered the
ability to right themselves 48 hours after decompression. Each curve shows the effect of a
different duration of exposure. The basic exposure (1) continued for 10 minutes after spon-
taneous movements ceased, a total of 75 minutes. Other wasps were given 1.5 times and twice
the basic exposure (Curves 1.5 and 2). Results obtained from 130 wasps.

“pink” and “black stages,” external development is mainly concerned with epidermal
pigmentation (Goldsmith and Schneiderman, 1960). TFigure 3 reveals that all
but about 5% of the wasps exposed to oxygen for 12 hours at the “pink stage”
became black but only 13% of the exposed wasps were ever able to emerge fully;
the rest remained completely or partially within the pupal cuticle. Although epi-
dermal pigmentation was not affected, a system necessary for emergence was. These
results agree with earlier experiments (Goldsmith and Schneiderman, 1960). By
contrast, when carbon dioxide was present during exposure to oxygen, five times
as many wasps (65%) emerged fully. Here again carbon dioxide exerted a
protective action.

In another series of experiments, wasps were exposed to oxygen and carbon
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Figure 3. The final stage of development attained by “pink stage” developing adults
after they were removed from 12 hours of 10 atms. of oxygen (open bars) or 12 hours of 10
atms. of oxygen plus 0.2 atm. of carbon dioxide (solid bars). Forty wasps were exposed to
oxygen and 40 to oxygen and carbon dioxide.

dioxide during the “black stage” and again their ability to emerge was recorded.
After 6 hours’ exposure to oxygen, none of these wasps emerged completely and
only 15% were active enough to free themselves partially from their pupal cuticle.
The wasps that had been exposed to carbon dioxide plus oxygen were less severely
affected; 5% emerged normally and 45% managed to emerge partially (Fig. 4).

5. Effect of carbon dioxide on oxygen poisoning in Drosophila

Experiments were also performed on a modest number of adults of Drosophila
melanogaster (128 adults, 0 to 2 days old). When carbon dioxide was present
during the exposure to oxygen, the flies lost their ability to make co-ordinated
movements far sooner than in oxygen. Thus, it usually required 40 to 60 minutes
of exposure to 10 atms. oxygen at 20° C. to abolish movement. By contrast, in
seven separate compressions, all flies compressed with 0.2 atm. carbon dioxide
plus 10 atms. oxygen ceased moving during the first 30 minutes of exposure. Such
inactive flies did not recover while still compressed. Thus carbon dioxide admin-
istered with oxygen causes an initial loss of activity in Drosophila which is more
marked than that observed in Mormoniella.

We may ask if the flies which became motionless with half an hour’s or less
exposure to carbon dioxide and 10 atms. oxygen were as severely affected as
those subjected to oxygen until they were motionless. It is clear that they were
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Frcure 4. The emergence of “black stage” developing adults after they were removed
from 6 hours of 10 atms. of oxygen (open bars) or 6 hours of 10 atms. of oxygen plus 0.5
atm. of carbon dioxide (solid bars). Forty wasps were used in each exposure.

not. When decompressed at the time they first ceased moving (i.e., 10-30 minutes
in oxygen and carbon dioxide, 40-60 minutes in oxygen), none of the former
exhibited permanent injury; whereas, all but about 10% of the latter remained
inactive (Table 1T).

Flies in oxygen and carbon dioxide were also subjected to the same length
exposures that caused flies in oxygen without carbon dioxide to cease moving.

TaBLE I1

Survival of Drosophila melanogaster after oxygen poisoning

10 atms. O2 l 10 atms. Oz and 0.2 atm. CO=
S e Exposure
Exp't No, (minutes) ‘ . . D | . . [
Activity prior to % Uninjured or Activity prior to % Uninjured or
removal recovered* i removal recovered®
S —— |
21 10 Normal 100 Nomne 100
40 ] 30 Normal 100 None 100
21 40 None 0 Not determined
43 50 None 20 None 50
10 60 None 10 None 40

* Per cent of adults uninjured is given for flies whose activity was normal on removal. Per cent
of adults which recovered fully is given for flies who had lost all activity during exposure.



CO. EFFECTS ON O. POISONING 159

Under these conditions, it is evident that, as with Mormoniella, the presence of
carbon dioxide during compression with oxygen promotes recovery of the flies.
Thus while on the average only 10% recovered after an hour’s exposure to oxygen,
40% recovered when 0.2 atm. of carbon dioxide was simultaneously present.

Discussion

From observations on adult Mormoniella and Drosophila, it seems clear that
the presence of carbon dioxide during oxyvgen poisoning has at least two effects.
First, it may hasten loss of activity without producing permanent toxic effects.
Second, it promotes recovery and prevents permanent injury from oxygen poison-
ing. Oxygen poisoning in adult insects can be conveniently divided into two phases.
In the first or reversible phase, the effects of poisoning are evident soon after com-
pression, but if the insects are decompressed promptly there is no permanent dam-
age. If decompression 1s delaved, the second or irreversible phase ensues; co-
ordination becomes increasingly impaired, and the effects of poisoning persist indefi-
nitely aiter decompression (cf. Williams and Beecher, 1944). Two interpretations
of the effect of carbon dioxide in promoting the initial loss of activity are possible.
Perhaps the presence of small amounts of carbon dioxide hastens the appearance
of the reversible phase of oxygen poisoning or, alternatively, it may be that high
pressures, particularly of oxygen, in some way potentiate carbon dioxide anesthesia.
The present experiments do not allow us to choose between these two possibilities.

The protective action oi carbon dioxide is exhibited with developing insects as
well as adults. It has previously been shown that if the proper exposure is
selected, wasps exposed to oxygen in the “pink stage” will develop to the “black
stage” but fail to emerge. This inability to emerge results from failure of muscle
development caused by oxygen poisoning (Goldsmith and Schneiderman, 1960).
In the present study, many more wasps emerged after exposure to oxygen and
carbon dioxide than after exposure to oxygen alone. Thus, “pink stage” wasps
exposed to carbon dioxide and oxygen must have developed muscles.

In their study, Williams and Beecher (1944) concluded that the presence of
carbon dioxide sensitized insects to oxygen poisoning. They examined the effects
oi carbon dioxide on 53 adults of Drosophila asteca. They found 10- to 11-day-old
flies had lost all their activity when they were decompressed after 21 minutes in
10 atms. of oxygen at 20° C. The rate of poisoning (on the basis of the activity
of the adults) was a linear function of the carbon dioxide tension (\Williams and
Beecher, 1944 ; Fig. 5). They reported that Drosophila in 0.16 atm. carbon dioxide
plus 10 atms, oxygen ceased moving after 10 minutes. It is important to note
that in this particular experiment they did not directly observe the flies during the
compression period and did not look for recovery of the motionless flies after
decompression. On the basis of our results, we suggest that the flies which
Williams and Beecher exposed for brief periods to oxygen and carbon dioxide
were 1ot permanently injured, while at least some of the flies subjected to 20 min-
utes in oxygen alone probably suffered permanent damage. According to this
view, there are no real differences between the results of the present experiment
and those of Williams and Beecher. The conclusion of the present study is that
although carbon dioxide may exert either a direct anesthetic effect in the presence
of high pressures of oxygen or facilitate the appearance of the reversible phase
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of oxygen poisoning, the most striking effect of carbon dioxide is its effectiveness
in preventing permanent damage from oxygen poisoning. It is provocative to
speculate that the effectiveness of carbon dioxide in protecting insects from oxygen
poisoning may be the result of its anesthetic properties, which could render the
particular system that is sensitive to oxygen less susceptible to injury. Whether
other narcotic agents similarly render protection from oxygen toxicity remains
to be seen.

We wish to thank Professor C. M. Williams for his help in discussing this
work, and in reading the manuscript.

SUMMARY

1. The activity of adults of Mormoniella witripennis and Drosophila melano-
gaster during and after compression in 10 atms. of oxygen plus small amounts of
carbon dioxide (0.1, 0.2, and 0.5 atm.) was studied. Addition of carbon dioxide
at pressures above 0.2 atm. to the atmosphere of air in the compression chamber
anesthetized Aormoniella adults; on decompression all adults rapidly regained
normal activity. The effects of carbon dioxide administered along with 10 atms.
of nitrogen were similar except that with 0.5 atm. carbon dioxide, anesthesia
occurred more rapidly.

2. Although in some experiments with adults of Mormoeniella the presence of
carbon dioxide during exposure to oxygen accelerated the onset of paralysis, carbon
dioxide actually protected the adults from permanent injury caused by exposure to
oxygen. After 214 hours at 10 atms. about half of the adult wasps which had
been in oxygen plus 0.5 atm. carbon dioxide completely recovered while none which
had been in oxygen without carbon dioxide survived. The number of wasps which
recovered increased as the amount of carbon dioxide present during oxygen expo-
sure increased from 0.1 to 0.5 atm.

3. Although the presence of carbon dioxide did not totally prevent oxygen
poisoning, permanent injury to “black stage” and “pink stage” developing adults
as well as adult Mormoniella was significantly reduced.

4. In the presence of 10 atms. oxygen, adult Drosophila became motionless more
quickly when 0.2 atm. of carbon dioxide was also present. These motionless flies
recovered fully when decompressed, Furthermore, significantly fewer flies recov-
ered following paralyzing exposures to oxygen without carbon dioxide.
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